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a b s t r a c t
Experimental investigation of the phase interactions in two-phase mini-channel serpentine systems is
performed with a focus on determining the effect of radius of curvature of the serpentine on two-phase
flow pattern transitions. The initial formation of two-phase flow patterns in T-junction contactors and the
resulting effect on the flow through serpentine geometries are studied to predict the initiation of bubble
breakup and/or coalescence in planar serpentine arrangements. Bubble breakup maps are developed for
each of the serpentine geometries, identifying curvature-induced shifts in the transitions between flow
patterns.
Single-phase dimensionless analysis for curved geometries is extended to two-phase flow to identify
the geometric dependence of critical bubble breakup. Further analysis performed shows that the charac-
teristic length for curved geometries encountered in the Dean number for single-phase flow is suitable for
capturing the effects of curvature on the initiation of bubble breakup. The dependence of Weber number
on the characteristic length is reported and a critical WeCDLC = 10 is identified for predicting bubble
breakup inception in the serpentine system.
 2011 Published by Elsevier Ltd.
1. Introduction
The flow patterns generated by gas–liquid distributors for mini-
scale contactors and reactor systems (diameter, d  1 mm) have
been investigated extensively in the past for a variety of cross-
sectional geometrical shapes and lengths (Suo and Griffith, 1964;
Barnea et al., 1983; Damianides and Westwater, 1988; Barajas
and Panton, 1993; Fukano and Kariyasaki, 1993; Mishima et al.,
1995; Mishima and Hibiki, 1996; Triplett et al., 1999a; Coleman
and Garimella, 1999; Shekarriz, 2000; Yang and Shieh, 2001; Zhao
and Bi, 2001; Akbar et al., 2003). While conducted with model
fluids, air and water, these studies are often extended to process
fluids for engineering applications. Fundamental studies of this
nature usually produce two-phase flow regime maps and semi-
analytically determined regime transitions, providing insight into
the hydraulic behaviour and heat and mass transfer properties of
two-phase mixtures flowing through a straight channel (Triplett
et al., 1999b; Kawahara et al., 2002; Angeli and Gavriilidis, 2008;
Niu et al., 2009). Limited information is available in literature
regarding the impact of complex downstream flow configurations
on the flow patterns formed initially. With the continued develop-
ment of new applications for process flow systems at this scale, the
incorporation of downstream phase contactors that enhance heat
and mass transfer is inevitable.
Planar serpentine mixing arrangements are found in many
industrial applications involving mini-channels; including com-
pact heat exchangers, turbines, mini/micro reactors and fuel cells
(Martin et al., 2005; Xiong and Chung, 2007; Huh et al., 2007).
Noted for their ability to enhance heat transfer and radial mixing
in single-phase flow through the formation Dean vortices, serpen-
tine geometries are frequently used to increase the reaction time
within a given geometric footprint by connecting long mini-
channels with alternating U-shaped return bends. While previous
studies have characterized the variation in flow patterns resulting
from a single return bend (Wang et al., 2003, 2004, 2005; Kirpalani
et al., 2008), a detailed analysis of the two-phase flow patterns
developed in multiple mini-channel serpentine unit cells in series
has yet to be reported in published literature.
In this work, air–water flow was examined in a serpentine sys-
tem. Bubbly, plug, unstable plug and slug flow patterns were gen-
erated by a cross-flow T-junction and introduced into planar
serpentine arrangements to study the impact of radius of curvature
on flow pattern transitions and the initiation of bubble interactions
such as inception, growth, breakup and coalescence. The objectives
of this study were to: (a) determine the effects of the serpentine
geometry on the two-phase flow pattern generated by a cross-flow
T-junction, with a focus on the shift in flow pattern transitions
between bubbly, plug, unstable plug and slug flow; (b) identify
the mechanisms leading to bubble breakup, grouping and coales-
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cence before and within the serpentine geometry; and (c) extend
single-phase dimensionless analysis for curved geometries to
multi-phase flow for the purpose of identifying the geometric
dependence of critical conditions necessary for bubble breakup
to occur.
2. Experimental configuration
Two geometries were manufactured from cast acrylic to allow
for visual observation of the flow patterns before, within, and after
a series of serpentine unit cells. Semi-circular grooves were CNC-
machined into two 9.5 mm. thick acrylic plates to create mirror
patterns that formed the serpentine geometry when bonded
together using dichloromethane (solvent). The flow path of the ser-
pentine system consists of a cross-flow T-junction contactor for
blending the two phases followed by a 47.5 mm straight channel
where the gas–liquid flow pattern is further developed. The
straight channel leads to a series of serpentine unit cells with a ra-
dius of curvature, rc, of 3 mm or 6 mm. Exit flow effects from the
geometry were reduced by adding a 47.5 mm straight channel
after the last semi-circular curve of the serpentine. At the exit, an
additional T-junction was fabricated for monitoring the outlet
pressure. CNC-machining of the acrylic plates introduced the opti-
mum groove depth variation expected. A dimensioned schematic
of the rc = 3 mm serpentine geometry is provided in Fig. 1.
The experimental setup, shown in Fig. 2, illustrates the operation
of the serpentinemini-channel for air–water mixtures. The gas (dry
air) was supplied from a cylinder through a pressure reducing valve
(PRV) and a needle valve used to regulate flow. The gas flow rate at
STP was measured using an electronic mass flow meter (Omega
FMA-1812). Pressurewasmeasured at the gas inlet and channel out-
letusingawatermanometerat lowflowrates (0–11 kPa, 0–1.6 psig),
and a pressure transducer at high flow rates (PSI-Tronix 68920–30,
0–30 psig). Deionized water was introduced using a magnetically
driven low flow rate gear pump (Micropump Series 200 P35,
1.17 mL/rev, 4.2 bar max rP) regulated using an electronic mass
flow controller (Omega FLV-4619A). The liquid temperature was
also monitored at the mass flow controller to determine the liquid
viscosity at each operating condition.
The two-phase flow patterns were photographed at the inlet
and within the serpentine region of each geometry using a high-
speed CMOS camera (Nanosense MKIII) and custom-built pulsed-
LED backlighting module synchronized with the frame rate of the
camera for visualization without raising the temperature of the
process fluids. The system allowed for full-resolution image
recording (1280  1024 pixels) at frame rates up to 2000 Hz, with
higher frame rates achieved at reduced resolutions. A constant
exposure of 20 ls was used for all captured images. The equivalent
pixel size was determined prior to each experiment with typical
values on the order of 18 lm/pixel.
3. Inlet bubble size distribution and flow pattern map
An analysis of the effects of the serpentine passive mixing
arrangement on two-phase air–water flow patterns was necessar-
ily precluded by the characterization of flow patterns and bubble
size distributions generated by the upstream T-junction contactor.
Visual identification of these flow patterns can be highly subjec-
tive, leading to multiple classifications for similar flow regimes
and the definition of flow pattern transitions as a range of operat-
ing conditions (as opposed to well defined sharp boundaries). Of
significant interest in this study was the bubbly to plug flow tran-
sition, which can be difficult to determine visually due to the
capillary-number dependence of the thickness of the liquid film
surrounding a fully developed plug. The inlet bubble size distribu-
tion was thus used as a measurable parameter for defining a sharp
boundary between these two flow patterns.
The bubble length and velocity and trailing slug length were
measured in both geometries for liquid and gas flow rates ranging
from 10 to 100 cm3/min and 10 to 180 cm3/min at standard condi-
tions, respectively. Ten thousand images were collected at each
operating condition, at a frame rate sufficient to capture a mini-
mum of 10 instances of the same bubble as it traveled along the
region 25–47 diameters downstream of the T-Junction. The
Fig. 1. Schematic of geometry with rc = 3 mm and 3.5 repeating serpentine unit cells.
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location, projected area and length of each bubble within an image
were measured using ImageJsoftware, from which number-based
distributions and arithmetic averages of the bubble length, velocity
and trailing liquid slug length were determined. Typical results are
provided in Fig. 3 for a liquid and gas flow rate of 63 cm3/min and
40 cm3/min STP, respectively.
3.1. Inlet bubble size distribution
Scaling laws for droplet and bubble formation in T-Junctions are
reported in existing literature for a range of operating conditions
and channel dimensions (Laborie et al., 1999; Thorsen et al.,
2001; Nisisako et al., 2002; Tice et al., 2003; Cristini and Tan,
2004; Garstecki et al., 2006; Xu et al., 2006a,b,c; Qian and Lawal,
2006; Menech et al., 2008; Xu et al., 2008). In a recent review by
Xu et al. (2008), three regimes of bubble and plug formation were
identified for square micro-channels (200 lm), where the transi-
tion between the mechanism responsible for breakup was
dependent on the capillary number for the continuous phase,
CaC = lCUC/r (Garstecki et al., 2006; Menech et al., 2008).
Lb
d
 A=CaC for CaC > 0:01 ð1Þ
Lb
d
 kCa
a
D;lC
CabaC for 0:002 < CaC < 0:01 ð2Þ
Lb
d
 eþxðCaD;lC=CaCÞ for 10
4 < CaC < 0:002 ð3Þ
In these expressions, the bubble length, Lb, channel width, d,
and modified dispersed phase capillary number determined using
the continuous phase viscosity, CaD;lC ¼ lCUD=r, are critical in
the determination of the bubble lengths. When shear forces are
dominant (CaC > 0.01), Xu et al. (2008) proposed a value of
A ¼ dh=ðdh 0:785L2bÞ for a rectangular channel, where h is the
channel height. An equivalent expression can be derived for a
circular channel, wherein A ¼ d
2
=ðd
2
 L2bÞ. When interfacial forces
Fig. 2. Experimental configuration.
Fig. 3. Image analysis results for UL = 63 cm
3/min and UG = 40 cm
3/min STP. Background correction was applied to raw images (top), and the results (middle) analyzed for
individual particle identification (bottom). The population distributions for bubble length (left), bubble velocity (middle) and liquid slug length (right) were then obtained via
particle tracking analysis.
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are dominant (CaC < 0.002), e and x have ranged in magnitude
from 1 and x = 1 for Garstecki et al. (2006), e = 1.38 and x = 2.52
for Xu et al. (2006a), and e = 1.9 and x = 1.46 for Tice et al.
(2003). In the transient regime, Xu et al. (2008) proposed values
of k = 0.75, a = 1/3 and b = 1/5 for a T-junction contactor.
Since the aforementioned correlations were developed for
200 lm channels with square cross sections, the findings cannot
be directly applied to circular 1 mm capillaries. Nonetheless, the
force balances used to derive these scaling laws are still applicable
to mini-scale geometries, and provide a basis for analyzing the
empirical data for developing flow transition maps. Alternatively,
a scaling law has been proposed for circular T-junctions by Qian
and Lawal (2006) for gas and liquid superficial velocities from
0.01 to 0.25 m/s, gas holdups of 0.09 < eD  UD/(UC + UD) < 0.91,
bubble-based Reynolds numbers of 15 < Reb = qCUbd/lC < 1500,
and bubble-based capillary numbers of 0.000278 < Cab = lCUb/
r < 0.01.
Lb
d
¼ 1:637e0:107D ð1 eDÞ
1:05Re0:075b Ca
0:0687
b ð4Þ
The bubble velocity, Ub, was predicted using the correlation of
Liu et al. (2005), valid for 2  104 < CaCD = lC(UC + UD)/r < 0.39.
Ub
ðUC þ UDÞ
¼
1
1 0:61Ca0:33CD
ð5Þ
For the current range of operating conditions, the predicted Ub
was within 5% of the experimentally measured values, validating
the image analysis algorithm used to determine the bubble sizes,
velocities, and slug lengths.
For the operating conditions encountered in the current cross-
flow T-junction, 0.0058 < CaCD < 0.041 and 545 < ReCD = qC(UC +
UD)d/lC < 4675, Eq. (4) consistently overestimated Lb due to the
limited number of experimental conditions falling within the
operating range for which Eq. (4) was developed. It was noted that
for e = 0.9 and x = 1.28, Eqs. (3) and (4) yield comparable predic-
tions for Lb; thus confirming the similarity between the two scaling
laws for bubble formation dominated by interfacial forces.
In an attempt to correlate the inlet bubble size distribution, the
scaling law proposed by Xu et al. (2008) for the transient regime
was employed with the expectation that b  a would approach 1
at higher capillary numbers. Two distinct regimes were observed
when themeasured bubble lengthswere fitted to Eq. (2): one apply-
ing to bubbly flow, and the other to plug/unstable-plug flow.
Lb
d
¼max
0:844Ca0:285D;lC Ca
0:384
C ðBubblyÞ
9:721Ca1:232D;lC Ca
1
C ðPlug=Unstable plugÞ
(
ð6Þ
The maximum operator was proposed to simplify the prediction
of the bubble length when the flow pattern is not known. Based on
experimental observations, the bubbly and plug/unstable plug
expressions were consistently dominant in their respective flow
regimes, only overlapping as Lb/d? 1  2d/d. Under these transi-
tional conditions, the larger of the predicted bubble lengths was
closer to those observed experimentally.
The boundary between these regimes was assumed to occur
when Lb/d = 1  2d/d, where d is the width of the liquid film that
would surround a fully developed plug at equivalent conditions.
Based on the work of Aussilous and Quéré (2000) for
103 < Cab < 1.4, d can be approximated as:
2d
d
¼
1:34Ca2=3b
1þ 3:34Ca2=3b
ð7Þ
Incorporating Eq. (5), this can be further expanded to provide
the transition point for bubbly to plug flow, where the bubble
length predicted by Eq. (6) must be less than the following critical
value:
Lb
d
 
Transition
¼
1 0:61Ca0:33CD
 2=3
þ 2Ca2=3CD
1 0:61Ca0:33CD
 2=3
þ 3:33Ca2=3CD
ð8Þ
The bubble lengths predicted by Eq. (6) are compared to
experimental values in Fig. 4, where reasonable agreement is
observed for air–water flow in 1 mm circular T-junctions operated
at 545 < ReCD = qC(UC + UD)d/lC < 4675, 0.0035 < CaC < 0.025 and
0:0015 < CaD;lC < 0:03 .
3.2. Inlet flow pattern
The flow patterns generated by different inlet distributor de-
signs (T-junctions, Y-junctions, flow-focusing devices) have been
extensively studied in previous literature, with multiple published
works describing the criteria for transitions between bubbly, plug,
slug and annular flow for different channel shapes, process fluids
and channel orientations. However, a universal flow map has yet
to be developed due to the strong dependency of the pattern
obtained on a multitude of parameters including: viscosity, density
and surface tension; channel shape, orientation and length scale;
upstream and downstream configurations and pressure fluctua-
tions; and even the interpretation of the flow patterns in transition
regions. Nonetheless, a number of correlations have been devel-
oped to describe the transitions between flow patterns. A detailed
review of all potential flow maps for a circular 1 mm T-junction
with air–water flow is beyond the scope of this work, but can be
found in reviews and articles by Triplett et al. (1999a), Kawahara
et al. (2002), Akbar et al. (2003), and Hassan et al. (2005).
For comparison purposes, the flow patterns observed at a dis-
tance 25–47 diameters downstream of the T-junction were com-
pared in Fig. 5 to existing flow patterns transitions for air–water
flow in circular channels, along with the proposed bubbly-plug
transition relationship given by Eqs. (6) and (8). Example images
of the four different flow patterns observed are provided in Fig. 6
for the indicated gas and liquid velocities. Note that the transition
from plug to unstable plug flow was characterized by a grouping of
the gas plugs, while the transition to slug flow required the forma-
tion and entrainment of numerous small bubbles within the trail-
ing liquid slug.
The discrepancy between the proposed bubbly/plug transition
line and previous literature was primarily attributed to differences
in wetting properties and gas densities within the T-junction, and
potential variances in the method by which the transition was
identified. Visual determination of the transition between bubbly
and plug flow is extremely subjective, especially when the film
thickness surrounding a developing plug is difficult to quantify.
An approach using Eqs. (6) and (8) is considered more consistent,
as it inherently accounts for the variation in film thickness and
uses a measureable quantity (bubble length) to define the bubbly
to plug transition. For the two geometries in this work, the flow
pattern transitions occurred under similar conditions, enabling
the subsequent analysis of the effects of radius of curvature on flow
patterns and bubble size distributions.
In Section 4, breakup maps are constructed using the Weber
numbers for each phase to account for the presence of pseudo-
turbulent flow in the serpentine arrangement. The proposed corre-
lation for the bubbly to plug flow transition was dependent only
on the capillary number, necessitating an approximation of the gas
density at each point along the transition line to determine the value
of the dispersed phase Weber number, WeD ¼ qDU
2
Dd=r. This was
achieved through the interpolation of the gas density at inlet condi-
tions from the experimental data. As a result of this conversion, the
bubbly to plug transition line for the two serpentine geometries no
longer overlap, as the rc = 6 mm and rc = 3 mm geometries have
different diameters and inlet pressures. The Weber-based
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Fig. 4. Comparison of the average bubble size predicted by the proposed correlations and experimentally obtained values. Error bars represent one standard deviation,
obtained from number frequency distributions of the measured bubble length.
Fig. 5. Comparison of current flow conditions and the proposed bubbly to plug transition to flow pattern transitions from previous literature.
Fig. 6. Flow patterns observed for the given gas and liquid velocity, (UD, UC), at a location 27–45 channel diameters downstream of the T-junction.
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equivalentof Fig. 5 is provided inFig. 7, alongwith theboundarypro-
posed by Akbar et al. (2003) for the shift from surface tension dom-
inated flow (bubbly, plug, slug) to transitional flow (wavy annular,
froth, churn), given inEq. (9).Note that the continuousphase (water)
is plottedon thehorizontal axis for consistencywithpreviouslypub-
lished We-based flow pattern maps.
WeD 6
0:11We0:315C for WeC 6 3
1 for WeC > 3
(
ð9Þ
4. Flow pattern transitions within the serpentine geometry
The serpentinegeometry is commonlyemployed to enhanceheat
transfer and radial mixing in single-phase applications through the
formation of Dean vortices, and to maximize the flow path length
within a given geometric footprint. In multi-phase applications,
the serpentine geometry alters the centerline of the circulation pat-
ternswithin the liquid slug (Fries and von Rohr, 2009), and is known
to cause discrepancies between the entering and exiting flow pat-
terns at larger diameters (Kirpalani et al., 2008). The presence of cur-
vature has two distinct effects on the flow pattern and bubble size
distribution: coalescence due to draining of the liquid slug between
adjacentbubbles; andbreakupdue to increased shear resulting from
secondary flow formationwithin the liquid slug. As the liquid phase
flows between two alternating curves in the serpentine arrange-
ment, it must cross over to the opposite side of the channel, creating
higher shear rates on precedingbubble and intense secondary flows.
The effect of the radius of curvatureon coalescence andbreakup, and
the critical conditions necessary to induce bubble breakup have yet
to be characterized.
High frame rate videos of the dynamic behaviour of gas bubbles
traveling through serpentine channels were collected over a wide
range of operating conditions and two radii of curvature (rc = 6 mm
and rc = 3 mm). An assessment of flow patterns formed, nature of
the bubble movement, extent of interfacial deformation, and pres-
ence or absence of breakup/coalescence within the serpentine unit
cells was made from the video images. From this information,
breakup maps were constructed for each radius of curvature and
are presented in Figs. 8 and 9 for rc = 3 mm, and rc = 6 mm,
respectively. The breakup boundaries formed, shown in Figs. 8
and 9, represent the conditions above which notable bubble break-
up was observed. Sequential images of a bubble traveling through
the 3 mm serpentine geometry are provided in Fig. 10a–l for each
of the regions identified.
The images in Fig. 10a–l are grouped by flow pattern and the
extent of deformation and breakup observed. Fig. 10a–c illustrates
the two-phase flow at the onset of deformations, where small
deformations or wave instabilities (seen as striations) are observed
at the trailing edge of the bubble. Larger deformations and the
wavy-annular flow regime are described in Fig. 10d–f, followed
by the various individual breakup mechanisms in Fig. 10g–i. A dis-
tinction was made between ‘‘bag type bubble breakup” and ‘‘shear
induced bubble breakup” for unstable plug flow, shown in
Fig. 10g–i: ‘‘bag type bubble breakup” is characterized by the frac-
ture of an extruded interface as it rapidly snaps back to the bubble
bulk upon the removal of shear; whereas ‘‘shear induced bubble
breakup” occurs when a smooth pinching motion is observed
throughout the breakup process. Subsequent increases in gas and
liquid flow rates led to multiple degrees of breakup, Fig. 10j–l,
where the transition from unstable plug to slug flow was distin-
guished by the presence of small bubbles entrained throughout
the length of the liquid slug and multiple instances of breakup at
the trailing edge of the bubble.
The Weber numbers in Figs. 8 and 9 for air, WeD ¼ qDU
2
Dd=r,
and water, WeC ¼ qCU
2
Cd=r, were determined using the densities
and superficial gas and liquid velocities at the point in the serpen-
tine geometry where the images were collected (Fig. 1). In order to
provide a comparison to the inlet flow patterns (Fig. 7), the
expected bubbly to plug transition line was calculated by estimat-
ing the ideal-gas expansion that would be expected for the
measured pressure drop, qD,s/qD,i = Ps/Pi, and determining the
maximum bubble size at the inlet which would result in Lb/d =
(1  2d/d)(qD,s/qD,i)
1/3. Note that qD,s, qD,i, Ps, and Pi are the air den-
sities and absolute pressures within the serpentine (s) and inlet (i).
Fig. 11 provides an overlay of each of these breakup maps and the
expected bubble-plug transition point.
The inlet flow pattern and those observed in the rc = 6 mm and
rc = 3 mm serpentine unit cells were similar for WeC < 8. At higher
liquid flow rates, the bubbly flow regime was extended to
Fig. 7. Flow pattern observed 27–45 channel diameters downstream of the T-junction. Qualitatively determined transitions between flow patterns are shown as shaded
regions.
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increasing values of WeD, while a combination of bubble grouping,
coalescence and breakup shifted the transitions between plug and
unstable plug flow. In single-phase flow, a smaller radius of curva-
ture leads to the development of stronger Dean vortices and in-
creased shear rates. As a result, it can be deduced that the earlier
onset of breakup and the greater extension of the bubbly flow pat-
tern observed for rc = 3 mm may also be a result of similar vortices
formed. As the two-phase mixture travels through each serpentine
unit cell, the gas phase decelerates and the liquid phase migrates to
the outside of each curve due to centrifugal forces. At the point
where the direction of curvature alternates, the liquid must flow
across the center of the channel to reach the opposing wall,
exerting shear on the bubbles and completely separating the
bubble from the channel wall at higher liquid flow rates. This
corresponded to an apparent increase in WeC and a decrease in
WeD within the serpentine geometry, resulting in an upward shift
of the transition boundary between bubbly and plug flow. Under
these conditions, it would be possible to modify the bubble size
distribution and significantly increase inter-phase mass transfer.
The discrepancies between the plug to unstable plug flow tran-
sitions observed at the inlet and within the two serpentine geom-
etries has significant implications to reactor design and flow
pattern management. Almost all bubble grouping and coalescence
observed in these experiments occurred within the first 180
return bend of the serpentine geometry, suggesting that similar
behaviour would be observed when U-bends are used to increase
the length of a flow path. The deceleration of the gas phase as it
travels through the curved geometry led to two initially separated
Fig. 9. Breakup map, flow pattern transitions and proposed breakup boundary (WeCDLC = 10) within a serpentine geometry with rc = 6 mm. Conditions where breakup was
observed are indicated by open markers.
Fig. 8. Breakup map, flow pattern transitions and proposed breakup boundary (WeCDLC = 10) within a serpentine geometry with rc = 3 mm. Conditions where breakup was
observed are indicated by open markers.
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bubbles coming into contact as the liquid between them was
drained by centrifugal force. The higher intensity of centrifugal
forces present at the lower radius of curvature would imply that
the liquid slug between bubbles would drain away quicker, result-
ing in an earlier onset of bubble grouping and unstable plug flow.
As can be seen in Fig. 11, it is actually the larger radius of curvature
Fig. 10. Sequential images of air–water flow through the rc = 3 mm geometry for different flow patterns, deformations, and breakup extents at (QC, QD) flow rates (cm
3/min).
436 A.A. Donaldson et al. / International Journal of Multiphase Flow 37 (2011) 429–439
which first transitions to unstable plug flow. The longer curvature
length of the rc = 6 mm geometry extended the time for the liquid
slug between two bubbles to drain, eventually leading to an
increased rate of bubble grouping and coalescence over that
observed for the rc = 3 mm geometry. Based on this observation,
the engineering design of a serpentine must take into account
the curvature for a mini-scale reactor/contactor system, especially
when a change in the flow pattern is undesirable. A smaller radius
of curvature appears to deter bubble grouping and coalescence,
and should be considered when U-bend arrangements are used
to increase the reactor volume within a given geometric footprint.
5. Critical conditions for bubble breakup
The extent of secondary flow formation in single-phase flow
through curved channels is frequently characterized by the Dean
number, D = (qUd/l)(d/2rc)
1/2, derived from an approximate solu-
tion to the Navier–Stokes equations for steady, axially uniform
Fig. 11. Overlay of flow pattern transitions observed following the T-junction, and within the rc = 6 mm and rc = 3 mm geometries. Breakup was observed above the indicated
boundary for breakup for each rc.
Fig. 12. Flow pattern within the serpentine vs. WeCDLC for rc = 6 mm and rc = 3 mm. Breakup was observed for all points above the horizontal dotted line.
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flow in a helical coil. While the Dean number is not directly appli-
cable to multi-phase flow, the scaling used in its derivation may be
useful in quantifying the effects of secondary flows in the serpen-
tine channel. In formulating the Dean number, the cross-flow
velocities are scaled by the root of a characteristic length parame-
ter for curved geometries, LC = d/2rc. A similar scaling approach was
applied for the combined gas and liquid velocities to account for
the formation of secondary flows within the liquid slugs traveling
through the curved channel. The following dimensionless number
for curved flow is proposed for characterizing the onset of bubble
breakup at elevated liquid flow rates:
WeCDLC ¼
qCðUC þ UDÞ
2d
r
d=2rcð Þ ð10Þ
The near horizontal boundaries for breakup observed in Fig. 8
for WeC < 16 (rc = 3 mm) and Fig. 9 for WeC < 8 (rc = 6 mm) led to
the assumption that breakup under these conditions was part of
the natural transition from unstable plug to slug flow, with mini-
mal dependence on the presence of a curved flow path. Determina-
tion of the onset of breakup due to the serpentine configuration
thus focused on the transition between deformation and breakup
at higher values of WeC, where a marked difference was observed
for the location of the breakup boundary for rc = 6 mm and
rc = 3 mm. The flow regime and deformation/breakup extent at
each operating condition was plotted against WeCDLC for both
geometries, and is given in Fig. 12. With the exception of a few data
points, the transition between deformation and breakup occurs at
a critical value of WeCDLC  10.
The breakup boundary predicted by WeCDLC = 10 was recon-
structed for each of the two radii of curvatures, and presented in
Figs. 8 and 9. Based on the agreement of the resulting breakup
boundary with experimentally observed flow patterns, WeCDLC
was considered an effective parameter for characterizing the inten-
sity of secondary flows induced in the liquid slug by curvature, rel-
ative to the surface forces maintaining the shapes of the leading
and trailing bubble interfaces. Due to the limited variation of chan-
nel diameter and fluid physical properties used in this work, addi-
tional experimentation would be required to confirm the
generalization of the WeCDLC = 10 condition for the onset of bubble
breakup in mini-scale curved geometries. Nonetheless, this work
has demonstrated that the single-phase dimensionless analysis
for curved flow can be extended to the continuous phase to quan-
tify the intensity of secondary flow formation and its effects on
bubble deformation and breakup.
6. Conclusions
In this work, the effects of radius of curvature on two-phase
flow pattern transitions and the initiation of bubble breakup/coa-
lescence in planar serpentine arrangements were studied as a com-
posite system. The flow patterns, transition regions and bubble size
distributions generated by the T-junction were identified and sub-
sequently compared to previous literature. Scaling laws derived for
square micro T-junctions were extended to a mini-scale circular
T-junction operating at 545 < ReCD < 4675, 0.0035 < CaC < 0.025
and 0:0015 < CaD;lC < 0:03; successfully predicting bubble lengths
for bubbly and plug/unstable-plug flow and enabling the use of an
analytical expression to describe the transition between bubbly
and plug flow.
Bubble breakupmaps were developed for each of the serpentine
geometries, identifying curvature-induced shifts in the transitions
between flow patterns. The mechanisms of bubble breakup, group-
ing and coalescence were discussed, whereby a smaller radius of
curvature was found to enhance breakup while inhibiting the tran-
sition from plug flow to unstable plug flow within the first bend of
the serpentine geometry.
Finally, single-phase dimensionless analysis for curved geome-
tries was extended to multi-phase flow to identify the geometric
dependence of the critical bubble breakup. For the purpose of
quantifying the intensity of curvature induced secondary flow in
the continuous phase, the characteristic length for curved geome-
tries encountered in the derivation of the Dean number for single-
phase flow successfully captured the effects of curvature on the
initiation of bubble breakup. A critical value of WeCDLC = 10 was
found for the given air–water system, above which varying degrees
of bubble breakup were observed.
The generation of similar bubble breakup maps for different
process fluids and serpentine designs could lead to the eventual
development of a more universally applicable characteristic
parameter describing not only the effects of radius of curvature,
but also fluid properties and distance between alternating serpen-
tine bends.
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